Nano-patterning of graphene film by a novel approach making use of laser ablation generated pressure is presented in this paper. Arrays of nanoscale holes were fabricated by applying laser shock pressure on graphene film suspended on well trenches in silicon substrate. Round holes with diameters ranging from 50 to 200 nm on graphene film were successfully punched. The critical pressure was found to be dependent on the diameter of holes. The smaller the diameters, the higher the critical pressure, which was also captured by the molecular dynamic (MD) simulations. The laser shock based approach presented in this paper provides an effective way to pattern graphene film with nanoscale features in an easy, fast, and scalable manner.
Introduction
Graphene, a two-dimensional material with covalently bonded carbon atoms packed in a honeycomb lattice, has attracted a great deal of attention due to its unique properties, including structural perfection, low density, excellent electrical properties (e.g. high carrier mobility and saturation velocity [1, 2] , zero effective mass near the Dirac point [3] , and long mean free path [4] ), as well as remarkable mechanical properties [5] . There has been extensive research on the mechanical properties of graphenes. Many experiments have been conducted to determine the Young's modulus and strength using various methods, for example, using atomic force microscopy (AFM) to measure the effective spring constants of graphene and extract the Young's modulus to be 0.5 TPa [6] , using nano-indentation with AFM to obtain the Young's modulus of 1.0 TPa, breaking strength of 42 N m −1 and intrinsic stress of 130 GPa [7] . In addition to experimental studies, atomistic simulations have also been utilized to study the mechanical properties of graphenes and their findings agree qualitatively with the experimental measurement, such as by 4 Both authors contribute equally. using the ab initio method, the Young's modulus is calculated to be 1.05 TPa, and the ultimate tensile strength is 110-121 GPa [8] , and by molecular dynamics (MD) methods the Young's modulus is found to vary from 0.95 to 1.1 TPa as temperature increases from 100 to 500 K [9] .
These remarkable properties make graphene a promising material for future microscale and nanoscale electronics, optoelectronics, mechanics, and as an alternative platform to silicon based mesostructures. Many of these potential applications, such as high speed field effect transistors, need to open up the bandgap for graphenes since at room temperature graphene is a semimetal with a zero bandgap [3, 10] . Researchers have been using different methods to open up the bandgap for graphenes. Among the methods being developed to open up the bandgap, patterning of graphenes is a promising one. Lithography based methods have been used, such as patterned graphene electrodes from photolithography [11] , graphene nanodisk arrays from nanosphere lithography [12] , graphene quantum dots from electron beam (e-beam) lithography [13] , multilayered graphene nanoribbons from focused ion beam (FIB) lithography [14] , and graphene nanomeshes by block copolymer lithography [15] and by nanoimprint lithography [16] . Transfer printing [17, 18] and the direct-write process [19] [20] [21] [22] are also used. However, these processes are not scalable due to the high expense and slow serial process. For example, direct-write etching with an ebeam in a transmission electron microscope (TEM) relies on transferring graphene flakes onto TEM grids, which are not suitable for larger-scale fabrication of devices [19] ; helium ion microscopy replies on high-resolution imaging technology but there are challenges regarding large-scale fabrication [20] [21] [22] .
We here report a fast and effective approach for the nanoscale punching and patterning of graphene film by making use of laser ablation generated shock pressure. Arrays of holes with diameters of 50, 100 and 200 nm were successfully patterned on single layer graphene films, which were observed by scanning electron microscopy (SEM) and AFM. It is found that a laser shock pressure of 1.9 GPa is needed to successfully punch through the ultrastrong single layer carbon atoms to generate a hole 50 nm in diameter, and the pressure value decreases to pattern larger features because of the size effect. MD simulation and numerical estimation were carried out to study the dynamic punching process of graphene and the relationship between the applied pressure and the dimensions of the holes. The calculated results are in good agreement with the experiments.
Results and discussion
The patterning of graphene film is accomplished by a strong and short laser shock impact. As a pulsed laser beam (5 ns, 1064 nm) transmits the SiO 2 glass and radiates an ablative coating (graphite paint), a strong plasma zone is generated and confined by the glass. This confinement results in large shock pressure, which is applied onto the aluminum thin film (∼1 μm) and graphene. The aluminum thin film is used to transform the nanoscale shaping onto the graphene and also to protect the graphene from being ablated by the laser. The duration of the impact is only tens of nanoseconds, and the peak pressure value is about 1-2 GPa. The chemical vapor deposition (CVD) grown graphene film is originally lying over a patterned silicon mold fabricated from FIB milling. During the shock, the graphene film that is suspended on the well positions is suddenly pushed into the cavities and finally pulled off at the edges, leaving patterns of corresponding shapes on the graphene film. After the strong impact, the graphene film is punched through at the well positions and arrays of round holes are patterned on the film. The whole patterning process is completed in a one-step operation and within tens of nanoseconds, which is illustrated in figure 1. The diameter of the wells is 100 nm and the depth is 80 nm. The graphene film is confirmed as single layer with good quality by Raman spectroscopy (figure S1 available at stacks. iop.org/Nano/22/475303/mmedia). The parts of graphene film suspended on the well positions can be seen as freestanding membranes. As the CVD grown graphene film is transferred by a PMMA (polymethyl methacrylate) assisted process, there are some PMMA residuals left on the surface of the graphene. During the laser shock experiment, the freestanding membranes on the well openings are hit by the shock pressure. The pressure is gradually increased each time by increasing the laser intensity, until the membrane is punched through along the well edges. As a result, arrays of round holes are patterned on the graphene film, as illustrated by figures 2(b) and (c). As seen in figure 2(c), some of the broken pieces of graphene are left on the sample after the shock operation. The round shape of the broken piece with a radius of about 50 nm indicates the well punching quality of the membrane across the mold cavity, leaving fairly neat and sharp breaking edges on the patterned graphene.
Morphologies of the graphene film before and after laser shock operation are shown in figures 2(d)-(f). As given by figure 2(d), the graphene film suspended on nanocircular wells is very flat, with an overall roughness of about 3 nm, which is caused by both the PMMA residuals and also the slight pretension of graphene film across the well openings [7] . The pre-tension of graphene membranes across openings is due to the van der Waals attraction of the membrane to the substrate, which normally results in pre-tension in the membrane. However, as the size of the circular well is very small in our experiment (less than 100 nm in diameter), the resultant stretching of the membrane is very small, which is hardly distinguished from the height profile along the green line in figure 2(d). Figures 2(e) and (f) show the two-dimensional and three-dimensional AFM images of the patterned graphene film after laser shock, further illustrating the effective nanopunching approach by laser shock pressure. The laser shock pressure needed to accomplish this patterning is estimated using Fabbro's model, in which the magnitude of laser shock pressure is dependent on laser intensity, shock impedance of the confining media and ablative coating, and the absorption coefficient of laser energy in plasma generation [23] . A laser intensity of 0.43 GW cm −2 is used, which generates a laser shock pressure of about 1.4 GPa according to Fabbro's model. Smaller holes, e.g. 50 nm in diameter, and larger holes, e.g. 200 nm in diameter were also successfully punched on graphene films as shown in figure 3 . However, features smaller than 50 nm are not patterned in this work due to the difficulty of mold fabrication, but the laser shock approach is still potentially applicable on such a small scale. It is found that with the decreasing of the hole dimension, the difficulty of punching it through increases, indicating a size effect for patterning nano-features. The laser intensity and resultant shock pressure to achieve 50 nm holes are about 0.7 GW cm −2 and 1.9 GPa, respectively, and to achieve 200 nm holes are only 0.3 GW cm −2 and 1.2 GPa. The size effect is obvious at a size scale less than 100 nm, and should gradually diminish if the feature dimension is further increased.
MD simulations were implemented using LAMMPS [24] to study the nano-patterning process on graphene film. Here, we performed patterning processes of graphene with various hole diameters, ranging from 100 nm, 50 nm, 20 nm, and 10 nm to 5 nm and half-neck-width of 20 nm, 10 nm, 4 nm, 2 nm, and 1 nm, respectively. Figure 4(a) shows a model of one MD simulation of patterning a hole 100 nm in diameter. Among the 746 528 atoms shown in figure 4(a) , the gray area represents the carbon atoms suspending on the Si well which are able to move freely (referred to as hole atoms) and the cyan atoms denote carbon atoms on Si mold which are constrained against motion in the perpendicular direction but free to move along the in-plane direction of the graphene (referred to as inplane atoms). Figure 4(b) shows a representative image of a patterned hole 100 nm in diameter, in which the gray atoms are detached from the graphene. Movies 1 and 2 (available at stacks.iop.org/Nano/22/475303/mmedia) further illustrate animations showing the dynamic process of patterning a hole 20 nm in diameter in a graphene from different angles.
The critical breaking force for patterning a graphene with holes 100 nm in diameter was simulated to be 0.046 nN for each atom and the corresponding pressure is 1.77 GPa. This calculated pressure agrees with our experiments for the same diameters (1.4 GPa for 100 nm in diameter holes). The slightly larger breaking pressure given by MD simulations can be understood for the following three reasons. (1) The temperature applied in the MD simulation is 300 K while the temperature in the experiment is slightly over 300 K due to the heat generated by the high strain rate deformation in the aluminum film and graphene. The magnitude of this rise is about 50-100
• C depending on the strain rate and the material's thermal properties [25] . Please note that laser heating is not directly absorbed by the aluminum foil but by the graphite coating. (2) The radiation pressure in experiments may also be underestimated due to the underestimation of the reflectivity of graphene. (3) Pre-stretching in the graphene film is induced by the wet transfer process. To evaluate the effect of temperature in patterning the graphene, series studies were conducted to pattern graphenes by varying temperature. Here 20 nm holes were used to save computational cost. Figure 5 shows that the critical breaking pressure decreases significantly with the increase of temperature. The dependence is more sensitive at low temperature. This trend is consistent with the dependence of fracture strength on temperature [26] . The results shown in figure 5 imply that the agreement between the MD simulation and our experiments for patterning holes 100 nm in diameter is actually more convincing as the temperature in experiments is higher, thus the critical breaking pressure decreases. The effect of hole diameter on the critical breaking pressure was also studied and the results are shown in figure 6 (a). It is found that the critical breaking pressure increases dramatically as the diameter of the hole decreases and the relation roughly follows a 1/d trend, in which d is the hole diameter. This can be briefly understood as follows. Critical breaking pressure is calculated as N f/S, in which N is the total number of hole atoms, f is the critical breaking force and also the force applied to each atom and S = πd 2 /4 is the area of the hole. Thus N f represents the total force applied on the hole atoms. It is suggested that in order to pattern a hole with diameter d, a certain number of carbon bonds that connect the hole atoms and in-plane atoms must be broken and the number of broken bonds is proportional to the hole diameter d, which gives N f a rough hole diameter d dependence. Thus, the critical break pressure has a 1/d dependence, as shown in figure 6(a) . Furthermore, it is understood that the number of hole atoms N is proportional to the hole area S as the number density of carbon atoms in a graphene is fairly constant. Given that N f is proportional to the hole diameter d, the critical breaking force also has a 1/d dependence, as shown in figure 6(b) .
The leftmost point in figure 6 (a) represents an extreme case in which only one honeycomb is to be patterned (figure S2 available at stacks.iop.org/Nano/22/475303/mmedia) and the fracture strength is calculated to be 44.3 N m −1 with corresponding critical breaking pressure 386 GPa. This case is comparable to the uniaxial tension case of graphene in the armchair direction [27] , in which the fracture strength was calculated to be 30.2 N m −1 . Higher fracture strength for the current case may result for various reasons, such as the higher density of bonds in the present case (i.e. shortened distance between broken bonds) compared with that in uniaxial tension ( figure 1 in [27] ), and the bond force for bending being a higher order term than tension. In addition to the fracture strength, the 'nominal' fracture strength was also calculated to be 90 GPa by taking the thickness of a graphene as 0.335 nm [27] . One can find that although fracture strength is comparable (44.3 N m −1 for patterning versus 30.2 N m −1 for uniaxial tension), the 'nominal' fracture strength in uniaxial tension is much less than that in the present simulation. The reason may be the arbitrariness of taking 0.335 nm as the graphene thickness.
Conclusion
In summary, we have demonstrated the patterning of nanoscale features on graphene film, by exerting laser shock generated pressure. Arrays of holes 50, 100, and 200 nm diameter were successfully punched. The process is fast, efficient, and scalable. MD simulation was also carried out to study the dynamic punching process. A pressure of 1.77 GPa is calculated to be enough for punching a 100 nm hole, which is in good agreement with the critical pressure value of 1.4 GPa in experiment. The smaller the hole is, the higher the critical breaking pressure is. The relation between the applied pressure and the dimension of the hole roughly follows a 1/d trend. The presented effective approach to nano-pattern graphene film in a scalable way has great potential to be applied in graphene property adjustment and graphene device fabrication.
Experimental section

Preparation of graphene film
Monolayer graphene was grown by CVD (CH 4 as carbon stock) on Cu foils (25 μm thick, Alfa Aesar, 99.8%) at ambient pressure. The Cu foil was loaded into a CVD furnace and heated to 1050
• C in 300 sccm of flowing Ar and 10 sccm of flowing H 2 . After 1050
• C was attained, the sample was annealed for at least 30 min without changing the gas flow rates. Then CH 4 (concentration 8 ppm) was injected into the furnace at 300 sccm for 10 min before the system was cooled to room temperature under protection of Ar and H 2 . After the growth process, the graphene samples were transferred by a PMMA (polymethyl methacrylate) assisted process in a Cu etchant (iron nitrate) onto Si wafer with arrays of nanoscale circular wells.
Preparation of silicon mold
Focused ion beam (FIB) milling was used to cut patterns on silicon wafers. The FIB milling was performed by FEI Nova 200 Nano-Lab DualBeam TM-SEM/FIB.
Setup of the laser shock process
The laser shock process is similar to the one used in laser dynamic forming of thin films [28] . The setup includes a laser source, a transparent confinement, a layer of ablative coating, and a ultrathin metal foil. A short pulsed Q-switch Nd-YAG (Continuum ® Surelite III) is used as the energy source. The laser beam has a Gaussian distribution and the pulse width is 10 ns. A focus lens is used to control the beam size. The beam diameter used is 4 mm, which is calibrated by a photosensitive paper (Kodak Linagraph, type: 1895). A glass slide was used as the confining media, and aerosol graphite painting (Asbury Carbons, USA) was sprayed on 4 μm thick aluminum foil (Lebow Company Inc, Bellevue, WA) as the ablative coating. The thickness of the ablative coating is in the range from 1 to 10 μm. An X-Y stage is used to move the processing stage.
Characterization methods
Raman spectroscopy was performed using a HORIBA Jobin Yvon XploRA confocal Raman microscope equipped with a motorized sample stage from Märzhäuser Wetzlar (00-24-427-0000). The wavelength of the excitation laser was 532 nm and the power of the laser was kept below 2 mW without noticeable sample heating. The laser spot size was ∼0.6 μm with a 100× objective lens. The SEM image was recorded on a Hitachi S-4800 field-emission scanning electron microscope or a FEI Nova 200 Nano-Lab DualBeam TM-SEM/FIB. The AFM images and height profile were measured by a DI Dimension 3100 atomic force microscope.
Molecular dynamic (MD) simulations
MD simulations were implemented using LAMMPS [24] to study the nano-patterning process on graphene film. The adaptive intermolecular reactive empirical bond order (AIREBO) potential was used and the cutoff parameter is set to 2.0Å [24, 29] in order to avoid the spuriously high bond forces and nonphysical results near the fracture region. The periodic boundary condition was used to reproduce the arrays of holes in the MD simulations. Starting with a uniformly distributed initial velocity profile, an isothermal-isobaric (NPT) ensemble was implemented for 50 ps with a time step of 0.5 fs to allow the system reach its equilibrium configuration [26] . Then a prescribed loading force vertical to the graphene film was added to the hole atoms (gray ones in figure 3(a) ) to simulate the patterning process. In this process, the NVE ensemble was used with a time step of 0.1 fs [30] . This time step ensures convergence after comparing it with a time step of 0.005 fs. The following method was implemented to determine the critical breaking force of graphene with specified holes of different diameters. For two loading forces F a and F b , if F a is able to pattern a hole and F b is not and the difference between these two loading forces is smaller than a very small criterion, such as 0.005 eVÅ −1 (0.008 nN) used in the current study, then the average of F a and F b is used as the critical breaking force of this system. The corresponding critical breaking pressure is then calculated based on the total critical breaking force applied on all the carbon atoms that are suspended on the Si well divided by the area of the hole.
